This project aims to evaluate the potential of reused grey water in concrete and mortar in order to preserve fresh water for drinking purposes. Using both Treated Grey Water and Raw Grey Water (TGW and RGW, respectively) led to a significant increase in the initial setting time and a decrease in the concrete slump value. In addition, there was no effect on mortar soundness properties. The mortar and concrete compressive strength results obtained at 7 days moist curing time showed a significant increase. Mortar and concrete mixes using TGW cast at curing times of 28, 120, and 200 days led to no significant effects on compressive strength. On the contrary, the RGW achieved slightly negative impact on compressive strength at all curing ages. According to the American Society for Testing and Materials (ASTM C109), TGW and RGW are suitable for mortar and concrete production. Furthermore, these results are in harmony with established requirements for ASTM C94.
Introduction
Jordan is one of the most water-stressed regions of the world, where water availability and use are low on a per capita basis. Treated wastewater is estimated to be around 84 million cubic meters (MCM)/year, and expected to increase to 117 MCM/year in 2020 [1] . Between 50% and 80% of domestic household wastewater is grey water [2] [3] [4] . Where, grey water is defined as the water outflows collected from clothes washers, bathtubs, showers, and sinks [5] . This definition excludes wastewater from kitchen sinks, dishwashers, or toilets.
Globally, on an annual basis the concrete industry is consuming one billion cubic meters of mixing water. In addition, enormous quantities of fresh water is used for washing of the mixer trucks, concrete pumps, equipment, aggregate, curing concrete and ready mix concrete [6, 7] . Currently, the concrete industry in Jordan is consuming approximately 8 MCM/year of fresh water. Demand for concrete dramatically increased, with a commensurate increase in concrete industry demand for water, during the last decade due to the growth in population. Jordan's population has doubled during the last 10 years due to natural growth and refugees influxes from neighboring countries. Given the growing and competing demands for freshwater in Jordan and other growing, waterscarce regions, it is necessary and prudent to conduct research on the feasibility of substituting fresh water with lesser quality water, such as grey water, in the concrete industry Silva and Naik [8] .
Several studies have investigated the use of treated water in concrete. Mahasneh [9] showed that treated wastewater can be used as mixing water for concrete production, as the mix can achieve more than 90% of the specified strength required. Tay and Yip [10] reported that concrete with improved initial compressive strength could be made with mixing water consisting partially or totally of treated wastewater. In Saudi Arabia, utilizing freshwater and treated wastewater in concrete mixtures was tested and compared. Setting time and compressive strength were evaluated for the concrete. Results showed that the treated wastewater met the standards required for concrete production [11] . In Kuwait, a research group carried out experiments on concrete using tap water, primary treated wastewater, secondary treated wastewater, and tertiary treated wastewater. It was found that the setting time increased with decreased water quality. In addition, application of water from primary and secondary treatment processes in concrete showed lower strengths (10% lower than concrete made with tap water at 180 days) and slow strength development for ages up to one year. However, tertiary treated wastewater had no negative impact on concrete physical and chemical properties [12] . Cebeci and Saatci [13] reported that raw sewage reduced compressive strength by 9% at 28 days. In Iran, Shekarchi et al. [6] reported on a study that examined the use of three types of treated wastewater for concrete mixing and curing. The results revealed that application of treated wastewater in concrete is feasible and met the Iranian standards and building codes.
In Malaysia, Lee et al. [14] showed that treated effluent from a sewage treatment plant increases the compressive strength and setting time when compared with using fresh water in concrete.
Regarding health considerations, the United States Environmental Protection Agency (EPA) [15] has indicated certain points should be taken into consideration for treated wastewater reuse in concrete production such as: Biological Oxygen Demand (BOD 5 ) 630 mg/l, Total Suspended Solids (TSS) 630 mg/l, Fecal coliforms 6200 CFU/100 ml, and Cl 2 residual 1 mg/l.
The quality of treated wastewater and grey water produced from new treatment plants Jordan meet the EPA standards [16, 17] . The Jordanian Standard No. 893/2006 is currently applied to all municipal wastewater treatment systems. However, there is nothing mentioned in this particular standard number 893/2006 about reuse of treated wastewater in construction activities such as concrete or mortar. Therefore, this study aims to evaluate and investigate the potential of using grey water in mortar and concrete mixes. To the authors' knowledge, this is the first study of the use of grey water in place of freshwater in concrete production.
Materials and methodology

Grey water pilot plant in Deir-Alla
In 2011, a pilot grey water collection and filtration system was installed and operated in Deir-Alla, a community in the Jordan Valley, through a funded research project by USAID [16, 18] . Two types of grey water were collected from the pilot plant: Raw Grey Water (RGW) and Treated Grey Water (TGW). The collected samples were transferred to labs at the Royal Scientific Society (RSS) and analysed. All water analyses were carried out according to the standard methods for the examination of water and wastewater [19] .
Raw materials preparation and testing
Aggregate
Aggregates are granular materials that are usually chemically inactive. They are dispersed throughout the cement matrix mainly to reduce the cost of the concrete because aggregates are cheaper than cement [20] . The properties of the raw materials used in preparing mortar and concrete mixtures were tested in the RSS laboratories according to national and international standards. These materials include: coarse aggregate, fine aggregate, and cement.
For concrete mixtures, two sizes of coarse aggregates and two types of fine aggregates were used in concrete mixtures, while one type was used in the preparation of mortar. The physical properties for aggregates are shown below in Table 1 .
Cement
Pozzolanic Portland Cement (PPC, Type II) manufactured by Jordanian cement company was used in preparing mortar and concrete mixtures. The chemical properties of the cement used are shown in Table 2 .
Sample preparation and curing for mortar
Control mortar mix was designed according to volumetric proportions ranges suggested by Jordanian standards. After the preparation of control mix (distilled water (DW)), two types of grey water were utilized for separate mixes. The other components of mixtures were kept constant as those in the control except water type, which was added for each mix to obtain the same workability as the control mix.
During the mortar mix design process, the flow table was used as a workability indicator for the whole mixes. The test was conducted according to the American standard [22] . The mixing of mortar mixes was performed according to BS-EN 196-1 [21] . A standard mixer was used in the mixing process at laboratory conditions 20 ± 1°C and 50 ± 10% Relative humidity (R.H). After mix preparation, it was filled in the moulds and compacted by Jolting table, and then the moulds were covered with glass plates and kept in moisture curing cabinet at standard conditions at 20 ± 1°C and R.H >90% till the next day. After 24 h from casting, samples were taken out from moulds and stored for curing in water tank under standard temperature of 20 ± 1°C. Normal tap water was used to fill the water tank to proper level. For each mortar mix, twentyfour prisms (40 Â 40 Â 160 mm) were cast.
Fresh mortar properties were tested directly after mix preparation such as initial setting time and soundness. Generally, initial setting is the time elapsed from adding water to the cement until the time at which the needle cannot penetrate more than 6 ± 2 mm from the bottom of the vicat's mould [23] . Soundness refers to the ability to resist volume expansion. It is determined by Le-Chatelier method IS:4031, where a specimen of hardened cement paste is boiled for 3 h. Then, allow it to cool down to the room temperature in order to measure the distance between the indicator points.
Each of six prisms was tested after various curing time (7, 28, 120, and 200 days). The average of three specimens at each age was calculated in order to compare the results of the different prepared mixes. The compressive strength was evaluated according to the European standard EN 1015-11 [24] .
A stereo microscope analysis was conducted for the mortar prisms. Six samples were collected randomly at various cross sections from each mortar mixture at curing age 28 days (6 samples Â 3 mortar mixture). Each slide dimensions were 4 cm Â 4 cm. The diameter of voids for each image was measured by image analysis software. 
Sample preparation and curing for concrete
Based on the mix design, grading of combined aggregate (Hemseyeh, Adaseyeh, Semsmeyeh, and Swealeh Sand) were chosen to get the best grading mix in order to achieve workability of fresh concrete (slump 15-18 mm) and compressive strength (30 MPa) ( Table 3) .
Concrete trial mixes
A number of concrete trial mixes were performed to achieve the fresh properties such as consistency and flow, and hardened concrete strength. For each mix, and after measuring concrete temperature and making slump test, twelve cubes (150 Â 150 Â 150) mm were prepared and cured according to the Jordan standard JS 1652-2:2004 [25] , at (21 ± 2)°C and Humidity of (100%). Three cubes for each mix were tested at 7 days age as strength indication, while the other cubes were tested at 28, 120, and 180 days to obtain compressive strength.
After the preparation of concrete control mix, distilled water was replaced by two types of grey water at different percentages (100, 75 and 50%) in separate mixes. Concrete mixing procedure was performed by using pan mixer. After fresh properties evaluation, concrete mixes were cast in the moulds and compacted by using vibration table. After that, moulds were covered with plastic sheets and kept in standard conditions (21 ± 2°C and 50 ± 10% R. H.) to the next day. After 24 h from casting, samples were taken out from moulds and stored for curing in water tank under standard temperature (21 ± 2)°C until testing date.
For each concrete mix, and after the completion of mixing, concrete fresh properties including temperature, slump and setting time respectively were tested according to fresh concrete testing standards EN12350-2:2009 [26] and ASTM C 403:08 [27] .
For compressive strength test, specimens were tested at 7, 28, 120, and 200 days age. The average of three specimens at each age was calculated in order to compare the results of the different mixtures that were prepared. The whole strength tests were performed according to JS 1652 parts 3, 5, and 6 [25] .
Results and discussion
Grey water properties
The quality of mixing water plays an essential role in preparation of concrete [28] . Drinkable water can be used as mixing water for production concrete. Furthermore, some water types that are not suitable for drinking may be fit for concrete [29, 30] . Table 4 shows the parameters concentrations of RGW, TGW and the allowable limits of these parameters for mixing water used in the production of concrete. The results show that the Total Suspended Solids (TSS) of RGW and TGW were 436 and 2 mg/L, respectively. According to the PCA [29] , 2000 mg/L of in mixing water is tolerated. Furthermore, in case of reusing of wastewater from mixer washout operations 50,000 mg/L can be tolerated. The TDS for both RGW and TGW (980 and 803 mg/L) is lower than the maximum permissible concentration (2000 mg/L).
The total organic of the RGW is 900 mg/L which is higher than the maximum permissible level. The total organic of the TGW is very low (6.97 mg/L). The concentrations of chloride, sulfate, and pH are under the maximum permissible limits. In general, the results clearly show that all chemical and biological parameters concentrations of RGW and TGW are lower than those reported by ASTM C94 [31] , except the chemical oxygen demand (COD) and E. coil concentrations for RGW.
The RGW contains E. coil bacteria over the maximum limits for an open system application of wastewater, where worker has high exposure potential. E. coil is now considered as the most important indicator for public health [32] . The most effective materials to controlled microorganisms growth are poly-halogenated phenols, dieldrin emulsions, and copper compounds. The effectiveness of these materials is generally temporary [29] . The TGW contains E. coil less than the detection limit. Based on the acceptable criteria for water to be used in concrete which is presented in Table 4 , the TGW is suitable for concrete production while the RGW should be tested and compared with specimens made with drinkable or distilled water to insure that the impurities in RGW do not adversely affect the mechanical properties of concrete [33] . The RGW should be pretreated to reduce the microorganism content before the water can be in direct contact with humans [34] .
Regarding to the Jordanian standard specifications, there is no available limits for dissolved impurities in mixing water and their possible negative impact on concrete properties. Based on the results of grey water analyses, it is important to mention here that the efficiency removal of TSS, COD, BOD5 and E. coil for the pilot filtration plant were 99.5%, 99.2%, 99.4% and 100%, respectively. These values are higher than those reported by Ghrair et al. [16] . These differences of efficiency removals are mainly due to the variation in the quality of RGW. The RGW sample in this study was collected directly from the network before the pilot plant while in the previous study RGW sample was collected from the septic tank. Furthermore the analyses results of TGW are in harmony with that recorded with Ghrair et al. [16] .
Grey water effects on cement paste
The results (Table 5) show that the initial setting time of cement paste mixed with RGW and TGW were up to +20 and +25 min compared to control. One possible explanation for this slight increase in initial setting time is the high content of dissolved solids in RGW and TGW (Table 4) . Shekarchi et al. [6] and Al-Ghusain et al. [12] reported that the dissolved salts can increase the initial setting time up to +70 min in case of using treated domestic wastewater on cement paste. Furthermore, the water/cement (W/C) ratio shows slight increases up to 0.2 and 0.4% for RGW and TGW, respectively. The increase of W/C ratio could be explained by the fact that the RGW and TGW contain dissolved solids, suspended solids and organic materials. This content of material represents the extra weight of water that led to this increase in W/C ratio.
In addition, the results of soundness test of cement by LeChateliers method show no significant differences between using RGW, TGW and control. According to the requirement of Jordan standard (no. 30-1/2007) [36] , the maximum expansion must be 610 mm.
These results are in harmony with ASTM C94 [31] requirements on initial setting time where the initial setting time of cement paste made with the questionable water must not be more than 60 min earlier nor more 90 min later than that made with the same cement using distilled water.
Effects on mortar properties
The results presented in Fig. 1 reveals that mortar made with TGW at curing time 2, 28, 120, and 200 days has no negative effect on the mortar compressive strength. However, using RGW as mixing water led to reduction in the compressive strength at curing time 2, 28, 120, and 200 days. This could be due to the effect of organic content which may have contributed to mortar strength reduction.
Mortar relative strength index (R s ) can be defined as the ratio of the compressive strength of mortar or concrete to that of the control [37] . Table 6 represents the mortar relative strength index of mixes using RGW and TGW at wet curing age of 7, 28, 120, and 200 days.
The relative index indicates that using RGW as mixing water for mortar production led to a significant reduction in the compressive strength between 8.9 and 10.8%. While addition of the TGW led to slightly increase in compressive strength at early curing age (7 days) while the R s on long term (above 28 days) shows no significant differences between using distilled water and TGW. According to the ASTM C109 [38] , water is suitable for production concrete if mortar made with it have strength at 7 days curing time equal or less than 10% reduction than of control samples made with drinkable or distilled water.
The stereo microscope was utilized for produce threedimensional photos and low magnification observation. Fig. 2 shows that there is no significant differences in air void size and distribution between mortar specimens that made with TGW, RGW and distilled water. There is no micro cracks effect on the surface of mortar specimens. The mortar specimen structure and the matrix between aggregate are structurally intact.
Effects on concrete properties
The best indicator for the concrete workability is slump value. The results of slump test on concrete using RGW TGW and Distilled water as mixing water are presented in Fig. 3 . The results reveal that using RGW and TGW led to decrease in slump 3.5 and 3 cm, respectively. This might be due to the fact that the dissolved solids lower the concrete slump value. This observation is consistent with previous studies [6, 13] .
The compressive strength of concrete utilizing RGW, TGW and DW at curing age 7, 28, 120, and 200 days are presented in Fig. 4 . In comparison with concrete made by distilled water, the compressive strength of concrete made by RGW and TGW at 7 days shows a slight increase. However, the compressive strength of TGW at 28 and 120 days curing age show no significant differences. AbdolChini and Mbwambo [39] reported that the properties of concrete are not affected by the use of recycled water. The concrete that made with RGW shows reduction in the compressive strength up to 7.7 and 13.9% at 28 and 120 days, respectively ( Table 6 ).
Despite of the relative reduction in compressive strength due to using wastewater there is a slow and continuous strength development up to 200 days. This result is consistent with Al-Ghusain and Terro [12] , who concluded that a slow strength was gradually developed up to 360 days for a concrete made with treated wastewater. According to the IS 456-2000 [40] and Kucche et al. [28] , the reduction of compressive strength of concrete should not be more than 15% of the mean compressive strength of concrete specimen made with drinkable or distilled water. The effect of dilution of RGW, using distilled water dilution ratio of (RGW:DW) 1:0, 3:1, and 1:1, on the development of concrete compressive strength is presented in Fig. 5 . It is clear that there are no significant effects of dilution of RGW on compressive strength at various curing ages up to 120 days except 50% dilution that shows a slight trend in enhancement of the compressive strength over short term period (less than 120 days). However, over long term of wet curing age (200 days), 50% dilution of RGW can significantly enhanced its compressive strength. The water absorption parameter is one of the most important indicators of the concrete potential durability and quality [30] . The average water absorption of concrete performed with RGW, TGW, and distilled water is 1.69, 1.75, and 1.74%, respectively. The result shows that the effect of using grey water as mixing water on water absorption is not significant. This result is in agreement with Shekarchi et al. [6] who reported that utilizing treated wastewater as mixing water does not affected the concrete durability and water absorption.
Conclusions
The results of grey water quality and the allowable mixing water limits for concrete show that the TGW is suitable for concrete production. However, the RGW should be pretreated to reduce the microorganism content before the water can be in direct contact with humans.
The initial setting time of cement paste performed with RGW and TGW increased and the water/cement ratio shows a slight increase. These results are in harmony with established requirements for ASTM C94.
The results for mortar made with TGW at curing time 7, 28, 120, and 200 days show no negative effect on the mortar compressive strength. However, using RGW as mixing water led to reduction in the compressive strength up to 10%. Despite the relative reduction in compressive strength due to using wastewater there is slow strength development but continuously up to 200 days. Furthermore, there is no significant effect of using RGW or TGW on soundness value of mortar. According to the ASTM C109 or AASHTOT 106, TGW and RGW are suitable for mortar production.
The compressive strength of concrete made with TGW at 28, 120, and 200 days curing age is not negatively impacted when compared to concrete made with distilled water. However, the concrete that made with RGW shows reduction in the compressive strength up to 13.9% at 120 days. According to the IS 456-2000, TGW and RGW are suitable for concrete production.
The effect of grey water as mixing water on concrete water absorption and durability is not significant.
Dilution of RGW by 50% distilled water leads to significant enhancement of concrete compressive strength when compared to use of undiluted RGW.
In conclusion, TGW and RGW are potential alternatives for fresh water in the concrete production industry. Based on this study, the authors recommend that governmental managerial institutions, ministries, and authorities develop specific regulations in building codes for the use of grey water in concrete production as a step in reduction of fresh water consumption in Jordan and elsewhere.
